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The peritoneal transport of serum proteins and neutral dextran in
CAPD patients. The peritoneal transport of five serum proteins and
intravenously-administered neutral dextran was studied in 13 CAPD
patients. In all patients a study was done three hours after the
administration of dextran. In nine the study was repeated after 14
hours, and in six also after 38 hours. Using gel permeation chromatog-
raphy of serum and dialysate it was possible to calculate fractional
(relative to inulin) clearances for dextran fractions with Einstein-Stokes
radii ranging from 30 to 90 A. In contrast to glomerular transport, we
found that peritoneal clearances of serum proteins and corresponding
dextran fractions were of a similar magnitude up to a radius of 90 A,
especially in the follow-up studies. No evidence was found for a
charge-selective barrier function of the peritoneum. It appeared likely
that the pentoneal interstitium is probably a third compartment be-
tween blood and dialysate in which equilibrium with blood and dialysate
is present for serum proteins, but initially not for dextran. For dextran
this equilibrium is probably approached 14 to 38 hours after adminis-
tration. The linear relationship between the reciprocal of fractional
clearances and Einstein-Stokes radii indicates that restricted diffusion is
the main transport mechanism of macromolecules across the peritoneal
membrane. The slopes of the linear regression between the reciprocal of
fractional clearances and radii ranged from 0.32 to 6.95 (slope for free
diffusion 0.07) and provided an index of the permeability characteristics
of the peritoneal membrane.
The average loss of proteins with the peritoneal effluent of
patients treated with continuous ambulatory peritoneal dialysis
(CAPD) is about 8 to 10 grams per day [1, 21. Albumin is the
main constituent and comprises 50 to 65 per cent of the total
protein concentration, but other serum proteins such as trans-
ferrin, immunoglobulins and complement factors re also
present [1—3]. The protein concentration in the peritoneal fluid
of CAPD patients shows a linear increase during an eight hour
dwell [4]. This phenomenon has recently been confirmed in rats
for albumin, and was found to be independent of the tonicity of
the dialysis solution [5]. It suggests that diffusion is the main
transport mechanism for serum proteins across the peritoneal
membrane. The higher the molecular weight of a protein, the
lower the peritoneal clearance [2, 6, 7]. When plotted on a
double logarithmic scale, the relationship between the clear-
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ances of various serum proteins and their molecular weight has
been found to be linear [6] or exponential [7]. In contrast to low
molecular weight solutes, the diffusion of proteins across the
peritoneum proved restricted, when compared to the free
diffusion of these proteins in water [6, 8, 9].
The passage of macromolecules across the glomerular wall is
not only dependent on their size, but also on shape and charge
[10]. Especially the fixed negative charge in the glomeruli
inhibits the passage of negatively-charged serum proteins [11].
The importance of the glomerular polyanion has been studied in
normal rats [10] and in rats with experimental glomerulonephri-
tis [12, 13] by making a comparison between the glomerular
filtration of neutral dextran and dextran sulfate, its anionic
equivalent. From these studies it appeared that loss of fixed
negative charge in glomerulonephritis is at least in part respon-
sible for the abnormal filtration of anionic macromolecules. As
dextran sulfate is not available for administration in humans,
patients with various glomerulopathies have been studied by
comparing the renal clearances of albumin and a polydisperse
dextran solution (dextran 40). From these studies both in
patients with minimal change nephropathy and in patients with
diabetic nephropathy [14, 15], it appeared that the ratio of the
clearances of albumin and a dextran fraction of identical Ein-
stein-Stokes radius was 0.01 in minimal change nephropathy
and 0.06 in diabetic nephropathy. This seems to indicate, that
even in glomerular disease with loss of fixed negative charge,
the glomerular filtration of albumin is about 16 to 100 times less
than the filtration of a neutral dextran of comparable size.
Two studies have been published about the peritoneal trans-
port of intravenously administered polydisperse neutral dextran
in high dosages [16—181. In the study of Hirszel et al [17] six
rabbits received dextran 40 (average molecular weight 40,000),
1.0 gram per kg body wt, while in the other study [18] dextran
10 (molecular wt 10,000), 0.75 gram per kg body wt was given to
seven rabbits. The two studies showed different results. In the
first study [16, 171 peritoneal dextran clearances decreased
linearly for higher molecular weights up to 50,000. For even
larger dextran molecules the clearance remained about con-
stant. In the study of Leypoldt et al [18] it was suggested that
the peritoneal reflection coefficient for dextran approached 1.0,
but that the diffusion across the membrane was comparable to
free diffusion in water up to a molecular weight between 10,000
and 20,000 (Einstein-Stokes radius 25 A).
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Table 1. Characteristics of the patients
Primary Urine Duration Previous Serum Participation Participation
Sex, kidney production of CAPD peritonitis albumin in 14—22 hr in 38—46
age disease ml/24 hr months episodes giliter study study
M,49 HN 0 9 3 31.2 +
M, 76 CGN 100 8 3 29.7 +
F,24 AN 100 7 2 24.4
F, 64 CPN 0 37 2 28.0 + +
F, 31 SLE 50 44 4 33.3 + +
M,22 CPN 1000 38 11 24.2
M,64 DN 0 6 3 32.4 + +
M, 85 amyloidosis 300 2 2 32.6
M, 26 unknown 2000 5 0 41.9 + +
M, 41 CGN 0 73 4 20.4 + +
F, 71 unknown 0 64 7 22.6 + +
F, 34 CON 500 8 1 38.7 +
M,76 CPN 300 11 4 32.8
Abbreviations are: HN, hypertensive nephropathy; CGN, chronic glomerulonephritis; AN, analgesic nephropathy; CPN, chronic pyelonephri-
tis; DN, diabetic nephropathy.
a creatinine clearance: 5 ml/min
Using ruthenium red, fixed negative charges have been
demonstrated on the luminal surface of the peritoneal micro-
vascular endothelium of rats [19]. Occasionally they were also
observed along interstitial collagen fibers. To analyze whether
these electrostatic properties of the peritoneum are important in
the permeability for macromolecules, we have studied the
transport of serum proteins and of a polydisperse neutral
dextran solution in 13 patients treated with CAPD. In these
patients the peritoneal clearances of dextran 70 fractions with
Einstein-Stokes radii (r) ranging between 30 and 90 A were
determined. Peritoneal clearances of inulin (r = 14 A), /32-
microglobulin (r = 16A), albumin (r = 36A), transferrin (r = 43
A), IgG (r = 54 A) and a2-macroglobulin (r = 89 A) were
measured simultaneously.
Methods
Patients
Thirteen CAPD patients were studied, five of them were
female. Their ages ranged from 22 to 85 years, median 49.
Further characteristics are given in Table 1. None of the
patients was nephrotic. Median duration of CAPD treatment
prior to the study was nine months. The overall peritonitis
incidence was 1.8 episodes per patient year. The patients
performed CAPD using commercially available dialysate (Dia-
nealR, Baxter B.V. Utrecht, The Netherlands), four exchanges
a day. Eleven patients used 2 liter exchanges, two 1.5 liter.
None of the patients had a history of allergy or a known
previous exposure to dextran. They were in stable clinical
condition without signs of congestive heart failure. None of the
patients had peritonitis at the time of the study or in the two
preceding weeks.
Infotmed consent was obtained from all patients after an
explanation of the purpose and methods of the study. The
protocol was approved by the committee of medical ethics of
the University Hospital of Amsterdam.
Procedure
At 8 a.m. an intravenous line was inserted into an antecubital
vein. Through this line 20 ml of dextran 1, a low molecular
weight dextran preparation, molecular weight 1000 (PromitenR,
NPBI, Emmercompascuum, The Netherlands), was adminis-
tered to prevent the low risk of the potential occurrence of
anaphylaxis [20]. This was followed by the intravenous infusion
of a 6% dextran 70 solution (MacrodexR, NPBI, Emmercom-
pascuum, The Netherlands), 130 mg per kg body wt, in combi-
nation with inulin 5 g (InutestR, Laevosan-Gesellschaft, Linz/
Donau, Austria). After 30 minutes this infusion was completed
and the intravenous line was removed. Between 10:00 a.m. and
11:00 a.m. the peritoneal cavity was drained. It was then rinsed
twice with 2 liters of dialysate (glucose 1.36%); these bags were
drained immediately after completion of inflow. At 11:00 a.m.
the content of another dialysis bag (DianealR, glucose 1.36%)
was instilled. It remained in the peritoneal cavity for four hours.
The volume of this bag was the same as the patients were used
to. Blood samples were obtained during instillation, after two
hours, and at the time of drainage. During the study the patients
were allowed to sit or walk around. After drainage of the test
bag at 3:00 p.m. the patients resumed CAPD on their normal
scheme. The volume of the drained bag was measured and
samples were taken for the determination of the solutes.
In 9 of the 13 patients the following nightbag, instilled about
14 hours after the administration of dextran, was also analyzed.
The glucose concentration of these bags was either 2.27% (6
patients) or 3.86% (3 patients). A blood sample was obtained on
the next morning. In six of these nine patients the bag of the
second night, instilled about 38 hours after the administration of
dextran, was analyzed as well. In these patients another blood
sample was obtained on the second morning.
Methods
The separation of dextran fractions according to molecular
radius was done using high performance gel permeation chro-
matography. The columns contained hydroxylated polyether
based material, which is especially useful for chromatography
of neutral polymers. The guard column was a TSK 40 L guard
column (75 mm x 7.5 mm, I.D.) and the analytical column a Bio
Gel TSK 40 L column (300 mm x 7.5 mm, I.D.), both from Bio
Rad Chemical Division (Richmond, Virginia, U.S.A.).
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The columns were incorporated in an automated HPLC
system containing one HPLC spectroflow 400 pump and a
spectroflow 450 controller, both from ABI Kratos Analytical
(Ramsey, New Jersey, USA), a PROMIS sample processor
from Spark Holland (Emmen, The Netherlands), an ERMA
7510 refraction index detector from ERMA (Tokyo, Japan), and
an SP 4290 integrator (Spectra Physics, Eindhoven, The Neth-
erlands). The latter was used in the data "slice" mode, to
calculate areas in slices of 12 seconds. A fraction was defined as
the area under the concentration curve for 12 seconds. The data
were further analyzed with the help of an Apple 2E computer.
The eluent was phosphate buffered saline: NaC1 (0.14 mol/liter),
phosphate (0.01 mol/liter), NaN3 (1 g/liter), pH 7.4. The eluent
flow was set at 0.50 mllmin as a compromise between speed and
optimal separation. The injection volume was 100 microliters
for all samples. The column was calibrated with six narrow-cut
dextran fractions: range 10,000 to 130,000 that were provided
by NPBI (Amsterdam, The Netherlands). The molecular radii
(r) were calculated from the molecular weights (MW) of the
peak maxima of the standards by applying the equation r =
0.305 MW°47 [211 as derived from the data of Granath and
Kvist [22]. The column was recalibrated after every five sample
runs.
Because of the low dextran concentration in the dialysate,
this had to be concentrated before injection of the samples in
the HPLC system. For this purpose lyophilization was done:
300 ml dialysate was lyophilized and reconstituted in 7 ml. The
exact concentration step was determined by measuring inulin
before and after the lyophilization. The concentrated dialysate
and the serum samples were deproteinized with trichloro-acetic
acid. After centrifugation, a further rinsing procedure was
established by gel permeation over a prepacked Sephadex 25
column (PD 10 columns, Pharmacia, Uppsala, Sweden) to
remove residual, low molecular weight proteins and peptides.
After this the serum eluate was free of contaminants, but the
dialysate needed an extra elution step over an anion exchanger
(Quartenary Amine [N +; 3 mu, Baker Chemical Co., Philips-
burg, USA). The coefficient of variation of the dextran deter-
minations in the dialysate ranged from 12.7% for the 30 A
fraction to 17.5% for the 90 A fraction, median 13.1%. Inulin
was measured with the color reagent resorcinol in serum [23]
and with diphenylamine in dialysate [24]. The same standards
were used for both methods. Albumin, IgG and transferrin were
measured by turbudimetry, a2-macroglobulin by nephelometry
using commercial antisera (Dakopatts, Gotrupp, Denmark). For
the f32-microglobulin determinations a radioimmunoassay (Phar-
macia Diagnostics AB, Uppsala, Sweden) was used.
The relationship between the free diffusion coefficient of a
macromolecule in water (D) and its molecular radius (r) is
given by the equation D = RT/6 r i rN, in which R is
Boltzman's gas constant, T the absolute temperature, is the
viscosity of the solution and N is Avogadro's number. This
implies that a linear relationship exists between the Einstein-
Stokes radius of a macromolecule and the reciprocal of its free
diffusion coefficient. The free diffusion coefficient in water at
20°C of J32-microglobulin is: D20 = 13.3 x l0— cm2s' [251.
For the other proteins the following values are reported [26]:
albumin 6.1, transferrin 5.0, IgG 4.0 and a2-macroglobulin 2.41
x lO cm2s. The Einstein-Stokes radius of inulin is about 14
A [27J and of /32-microglobulin 16 A [25]. For albumin values of
35.5 [281 and 36 A [27] have been reported. For the other
proteins larger differences are given in literature: the radius of
transferrin ranges from 36 to 40 A [291 and of IgG from 50 [14,
15] to 55 A [30]. Therefore, we have calculated the radii for
transferrin, IgG and a2-macrogloblin from their free diffusion
coefficients by comparing them to the radius and free diffusion
coefficient of albumin, using the equation r = raib x D2OwaIb/
D20, or r = 2l6.55ID20.
Calculations
Each experiment was analyzed individually for the determi-
nation of the peritoneal clearance of inulin, 18 dextran fractions
(30 to 90 A) and five proteins. No dextran fractions with radii
less than 30 A were used for calculation, because of interfer-
ence by inulin. Protein clearances were calculated as the
amount of protein drained, divided by the product of the mean
of the protein determination in serum and the dwell time. In the
three to seven hour studies the logarithmic means of the three
plasma inulin concentrations and of the serum dextran concen-
trations were used for clearance calculations. In the 14 to 22 and
38 to 46 hour studies, plasma and serum levels of inulin and
dextran half way through the dwell were estimated from the
previous samples and the sample of the next morning, assuming
first order kinetics.
All clearances of macromolecules (M) were expressed as
fractional clearance (FC), with inulin (In) as the reference
solute, from the equation: FCM (%) [(D/S)M/(D/P)Ifl] x 100, in
which (D/S)M is the dialysate:serum concentration ratio for
each test macromolecule, and (D/P)1 the dialysate:plasma
concentration ratio for inulin.
The results are expressed as mean SEM. Regression lines
were calculated by the method of least squares. For exponential
relationships transformation to linearity was applied, so that y
= aeb( —+ lny = Ina + bx. The paired t-test was used to compare
selected means.
Results
A typical example of the curves obtained by gel permeation
chromatography is shown in Figure 1. In CAPD patients only a
negligible quantity of dextran is excreted by the kidneys and
serum concentrations decrease less than in individuals with
normal renal function. The maximal serum concentration is
shifting to a larger Einstein-Stokes radius in the late samples,
indicating that also in renal failure the small fractions disappear
faster from the circulation than the larger ones. The disappear-
ance rate from the plasma could be described by first order
kinetics for the fractions up to 54 A. This rate was 1.94 0.13
ml/minfor37A, 1.62 0.11 mllminfor42Aand 1.02 Q.67m11
mm for 54 A. This corresponds with plasma half-life times of
20.7 hours (37 A), 23.2 hours (42 A) and 35.9 hours (54 A). The
dextran concentrations in the dialysate are higher in the 14 to 22
hour study and 38 to 46 hour study than in the 3 to 7 hour one,
due to the longer dwell time. The maximum dialysate concen-
tration is seen at a smaller Einstein-Stokes radius than the
maximum of the corresponding serum line. This points to some
size dependent restriction in the transport of dextran across the
peritoneal membrane.
Three to seven hour study
Table 2 summarizes the peritoneal transport characteristics
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of inulin, the proteins and of four selected dextran fractions.
Small amounts of the infused quantity of dextran were recov-
ered in the dialysate. For the 30 A fraction it was 1.06 0.17
per cent of the given dose, for dextran 50 A and 90 A the
percentages were 0.29 0.03% and 0.14 0.04%, respectively.
Figure 2 shows the relationship between Einstein-Stokes radius
and the fractional clearance for all dextran fractions and for the
serum proteins. The difference between the fractional clearance
of albumin, transferrin, IgG, a2-macroglobulin and the frac-
tional clearances of the dextran fractions with corresponding
radii was significant (t = 5.386, N = 52, P < 0.001). The linear
relationship between the fractional clearances of proteins and
dextran fractions was: FCdextran = 0.86 FCprotein — 0.19, N =
52, r 0.89, P <0.01.
14 to 22 Hour and 38 to 46 hour studies
The results of the later studies are summarized in Table 3.
Inulin clearance decreased when compared to the three to
seven hour experiments. This could not be explained by differ-
ences in the drained dialysate volumes during the three study
periods: 1835 118 ml, 2038 174 ml and 2031 183 ml, NS.
The decreased inulin clearance was associated with a lower
concentration gradient over the peritoneal membrane during the
later studies. As a result of the longer dwell time and the
decreasing plasma concentration, the inulin concentration gra-
dient in the six patients studied up to 46 hours fell from 297
14 mg/l at seven hours after the administration to 195 19 mgI
1 at 22 hours (P < 0.01) and to 127 17 mgll at 46 hours (P <
0.001). Also the dialysate/plasma ratio of inulin increased from
A Serum
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Fig. 1. An example of the results of gel permeation chromatography. Dextran concentrations in serum and dialysate in one of the patients.
Symbols in A are: (A) 3 hr, (•) 5 hr, (LI) 7 hr, (0) 24 hr, (A) 48 hr. Symbols in B are: (•) 3—7 hr, (0)14—22 hr, (A) 38—46 hr.
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Table 2. Peritoneal transport characteristics (mean SEM) of inulin, serum proteins and four dextran fractions in the 3—7 hour
studies (N = 13)
Solute
Radius
A
Mass
transfer
mgI4 hr
Serum
concentration
mg/liter
Clearance
il/min
Inulin 14 224 141 472 46 1978 66
132-microglobulin 16 7 1 28 3 975 89
Albumin 36 833 75 30,165 1728 115 13
Transferrin 43 50 5 2178 180 96 11
IgG 54 153 23 11,406 663 56 10
a2-macroglobulin 89 12 3 1994 175 26 5
Dextran 37 2.66 0.39 107 6 104 16
Dextran 42 2.44 0.40 143 9 71 12
Dextran 54 1,71 0.34 177 13 40 8
Dextran 90 0.37 0.10 70 7 22 6
hour studies. No important differences were present for the
clearances of the other proteins during the three periods.
Clearances of dextran 42 A, 54 A and 90 A tended to be
higher during the 14 to 22 hour and 38 to 46 hour observations,
despite decreasing serum concentrations. A significant rise was
present for the fractional clearances of these dextran fractions
when compared to the three to seven hour study. As a result the
difference between the fractional clearance of proteins and
dextran fractions had disappeared after 46 hours (Fig. 3). The
relationship between fractional clearances of proteins and cor-
responding dextran fractions during the 14 to 22 and 38 to 46
hour studies was: FCdextran = 1.07 FCprotein 0.18, N = 60, r
= 0.96, P < 0.001.
Relationship with Einstein-Stokes radius
The reciprocal of the free diffusion coefficients in water of
macromolecules and their Einstein-Stokes radius have by def-
inition a linear relationship. For the five proteins it appeared
that the relationship between the reciprocal of their D20
values relative to inulin (D20, = 16 x iO cm2s) and their
radii had a slope of 0.07, r = 0.997. When the same calculation
was made for 10 dextran fractions with values for D20 ranging
from 2.6 to 9.4 iO cm2s [221 the slope was also 0.07, r =
0.998.
When the main transport mechanism of macromolecules
across the peritoneal membrane would be by diffusion, a linear
relationship should be obtained when the reciprocal of frac-
tional clearance is plotted against Einstein-Stokes radius. This
is shown in Figure 4 for the mean values of the three to seven
hour study. In each patient and in every experiment the linear
regression was calculated between l/FC of the five proteins and
their molecular radius. The correlation coefficients ranged from
0.953 to 0.999, mean 0.98. The same calculations were done
between 1/FC of the 18 dextran fractions and their radii. The
correlation coefficients of these linear regressions ranged from
0.953 to 0.997, mean 0.98. Mean slopes, were calculated for
each time period, both for the proteins and dextran fractions by
averaging the individual slopes.
The slopes of the linear regression between l/FC and Ein-
stein-Stokes radius are summarized in Table 4. All slopes were
far above 0.07: they ranged from 0.32 to 6.95. The difference
between the protein and dextran slope, observed in the three to
seven hour study, had disappeared in the 14 to 22 and 38 to 46
hour experiments. The relationship between the ratio of 1/
U100
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0
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r I
25 50 75
Einstein-Stokes radius, A
Fig. 2. The relationship between fractional clearance (logarithmic
scale) and Einstein-Stokes radius (linear scale) for proteins (0) and
dextran (•) fractions in the 3—7 hr study. Mean values and SEM are
given, N = 13. Symbol (U) is inulin.
0.23 0.02 at seven hours to 0.31 0.03 at 22 hours (P < 0.05)
and to 0.31 0.04 at 46 hours (P < 0.05). The fall of the inulin
concentrationgradient led to a reduction of the mass transfer of
inulin in these patients from 1.18 0.43 mg/mm in the three to
seven hour study to 0.57 0.17 mg/mm in the 14 to 22 hour
study (0.05 <P <0.1) and to 0.38 0.13 mg/mm in the 38to 46
hour one (P < 0.01). This 68% decrease in mass transfer was
more than the 50% decrease in the serum inulin concentrations
(430 28 mg/l at 5 hrand 217 23 mg/l at 42 hr). As a result of
the decreased inulin clearance the fractional clearance of I2-
microglobulin was higher during the 14 to 22 hour and 38 to 46
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Table 3. Peritoneal clearance and fractional clearance (mean SEM) in the 6 patients who were studied up to 46 hours after the
administration of dextran
Solute
Peritoneal clearance, .dImin Fractional clearance, %
3—7 hr 14—22 hr 38—46 hr3—7 hr 14—22 hr 38—46 hr
Inulin 1763 169 1327 192 1291 179 100 100 100
132-microglobulin 950 118 844 140 891 119 53.3 2.1 62.4 1.9k 62.0 3•3a
Albumin 99 14 79 16 80 14 5.5 0.4 5.8 0.6 6.1 0.5
Transferrin 85 11 68 15 69 14 4.8 0.3 5.0 0.6 5.2 0.5
IgG 36 9 36 8 36 7 2.1 0.3 2.7 0.4 2.7 0.3
a2-macroglolulin
Dextran 37 A
14 3
79 12
14 4
82 20
13 4
79 20
0.8 0.1
4.4 0.6
1.0 0.2
5.9 0.9
1.0 0.2
5.8 0.8
Dextran 42 A 50 8 61 15 63 15 2.8 0.4 4.5 0.7 4.7 o.6a
Dextran 54 A 25 5 35 9 38 10 1.4 0.3 2.4 06b 2.8 05b
Dextran 90 A 12 2 16 4 17 5 0.7 0.1 1.2 0.2" 1.3 0.3"
a p < 0.01
b p < 0.05, when compared to 3—7 hr
aQC
a)
a)
'1)0
a)
C0
0
a)
U-
Fig. 3. The relationship between fractional clearance (logarithmic
scale) and Einstein-Stokes radius (linear scale) for proteins (0) and
dextran (•)fractions in the 38—46 hr study. Mean values and SEM are
given, N = 6. Symbol (U) is inulin.
clearance divided by D20, and the Einstein-Stokes radius is
shown in Figure 5 for the mean values of the 14 to 22 hour
study. A linear increase is present from 30 to 70 A, followed by
a deflection to an almost horizontal line for fractions above 70
A. For the three to seven hour and 38 to 46 hour study similar
results were obtained.
Discussion
The importance of molecular size in the peritoneal transport
of macromolecules during peritoneal dialysis can be established
by the use of gel permeation chromatography of serum and
25 50
Einstein-Stokes radius, A
Fig. 4. The relationship between the reciprocal of fractional clearance
and Einstein-Stokes radius for proteins (0) and dextran (•) fractions in
the 3—7 hr study. Mean values and SEM are given, N = 13. Symbol (•)
is inulin.
.100
50
10
5
150
100
0U-
S 501.
T
T
I
r
I.
I
I
25 50
Einstein-Stokes radius, A
75
0 75
peritoneal dialysate after intravenous administration of small
amounts of a polydisperse neutral dextran solution. This also
may give an estimate to what extent the electric charge of
macromolecules is a factor in their passage across the perito-
neal membrane, because the peritoneal transport of negatively-
charged serum proteins can be compared with dextran fractions
of similar Einstein-Stokes radius.
In contrast to the kidneys, where large differences in the rate
of transglomerular passage have been demonstrated between
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Table 4. Slope of linear regression (1/A) between l/FC and Einstein-Stokes radius
Number Protein Dextran
of patients 3—7 hr 14—22 hr 38—46 hr 3—7 hr 14—22 hr 38—46 hr
13 1.34 0.21 2.26 o.47a
9 1.46 0.29 1.32 0.36 2.52 0.66" 1.51 0.36
6 1.64 0.33 1.47 0.45 1.56 0.41 2.86 0.801) 1.62 0.44c 1.50 047d
a P C 0.01 protein vs. dextran
"P C 0.05 protein vs. dextran
P C 0.05 dextran 3—7 hr vs. 14—22 hr
d P C 0.05 dextran 3—7 hr vs. 38—46 hr
serum proteins and neutral dextran fractions [14], no evidence
was found in our study that the peritoneal membrane is also a
charge selective barrier to the transport of macromolecules.
This observation is in accordance with the classical study on
capillary permeability by Mayerson et at [31]. These authors
found similar lymphlplasma ratios for neutral dextran and
radiolabelled albumin in various tissues. Therefore, the anionic
charges, demonstrated in the peritoneum of rats [191 are prob-
ably not of importance in the transperitoneal transport of
macromolecules in humans.
In the patient group studied three to seven hours after the
administration of the dextran solution, peritoneal protein clear-
ances were even higher than those of dextran fractions with
identical Einstein-Stokes radii. As the peritoneal cavity was
rinsed before the study, it is unlikely that this was caused by
some protein-rich residual volume. Another possibility could be
the shape of the macromolecules: the compact and globular
proteins might be subject to less hindrance by the peritoneal
membrane than the dextrans with their coiled structure. When
this would have been the case, the difference between dextran
clearances and protein clearances should have remained
present in the later studies, An alternative and perhaps more
probable explanation is the existence of a third compartment
between the blood and the dialysate. In this compartment a
steady state would be present from the outset for serum
proteins, but not for dextran during the first period after its
administration. This third compartment could be the interstitial
tissue between the peritoneal capillaries and the mesothelium.
If this assumption is true, the difference between protein
clearances and dextran clearances should disappear when the
study would be extended over a longer period of time. We
therefore studied 9 of the 13 patients also 14 to 22 hours after
the dextran administration and six of them also after 38 to 46
hours.
By analyzing the results of the 14 to 22 hour and 38 to 46 hour
studies, and comparing them to the three to seven hour one, no
essential differences were found for peritoneal protein clear-
ances. However, inulin clearance decreased markedly. This
was caused by the fact that the decrease in inulin mass transfer
was more pronounced than the decrease in plasma inulin
concentrations. A possible explanation could be the fact that
the inulin solution used was not monodisperse, but had a
molecular weight range from 800 to 16,000 [32]. When perform-
ing gel permeation chromatography of inulin before administra-
tion, the maximum of the distribution curve corresponded with
a radius of 14 A, but the size of the largest radius was 23 A. Gel
permeation chromatography of dialysate showed a shift to the
smaller radii, while especially the late serum samples were
shifted to the larger radii. This implies that during the three to
seven hour study mainly the small inulin molecules are dia-
lyzed, leaving the larger ones in the circulation. The heterogen-
ity of inulin could also explain the large difference in the
clearances of inulin and /32-microglobulin, especially in the
three to seven hour studies.
As a result of the lower inulin clearance a rise was found for
the fractional clearance of j3microglobulin in the 14 to 22 hour
and 38 to 46 hour studies. The observation that the clearances
and fractional clearances of the larger dextran fractions in-
creased during the follow-up experiments, despite lower serum
concentrations, supports the hypothesis of a third compartment
that gradually becomes saturated with exogenous administered
macromolecules. As is shown in Figure 3 the difference be-
tween peritoneal protein and dextran clearances had virtually
disappeared after 38 to 46 hours.
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The peritoneal clearance of dextran contributes only for
about 4% to its plasma disappearance rate. The majority will be
taken up by the reticulo-endothelial cells in various organs. It
may reach this compartment directly from the blood, from the
extracellular fluid or from the lymphatic drainage of the perito-
neal cavity. Assuming a lymphatic absorption rate from the
peritoneal cavity of 1.5 ml/min [33, 341, the mass transfer out of
the peritoneal cavity can be calculated to be about 9.5% of the
mass transfer inwards. This implies that the peritoneal clear-
ance of macromolecules is probably underestimated by 8.5%
because of drainage of peritoneal fluid by the lymphatics.
Solute transport across the peritoneal membrane can take
place by diffusion and convection. It has been postulated that
the transperitoneal transport of albumin is mainly convective
despite its sieving coefficient of less than 0.02 [35, 361. How-
ever, the relationship between peritoneal clearances of various
serum proteins and molecular size, reported in other studies [6—
9] is more in favor of diffusion. This is also supported by the fact
that peritoneal protein loss during CAPD is neither influenced
by the glucose concentration [1], nor by the volume of the
dialysate [9, 37].
Peritoneal dextran clearances in rabbits have been found to
be slightly higher when hypertonic dialysate was used than with
isotonic dialysate [16—18]. Leypoldt et al [18] have shown that
this was probably the result of a higher concentration gradient,
caused by increased dilution of the dialysate concentration, and
not by increased convective transport.
If the transport of macromolecules is mainly by diffusion, a
linear relationship should be present between peritoneal clear-
ances and Einstein-Stokes radii. In the present study we have
found such a linearity in all patients. However, the slope of the
regression lines was always much steeper than the slope for the
free diffusion coefficient in water. This indicates that the
transport of macromolecules through the peritoneal membrane
is not merely a diffusive process across a simple water layer,
but a more complicated mechanism of restricted diffusion.
The fact that this restriction was more marked for dextran
fractions than for proteins in the three to seven hour studies,
and the disappearance of this difference in a later phase, points
to the interstitial tissue as the main restrictive barrier. This is in
accordance with the findings of Fox and Wayland [38], who
studied the interstitial diffusion of dextran fractions and albu-
min in the rat mesentery in vivo using fluorescence microscopy.
These authors showed that the interstitial matrix of the mesen-
tery is extremely dense and offers a significant barrier to the
diffusion of macromolecules. Restricted diffusion of serum
proteins in CAPD patients has also been reported by us
previously [6, 8, 9].
By dividing the peritoneal transport rates by the free diffusion
coefficients in water Leypoldt et al [18] found a horizontal line
for radii from 13 to 25 A when this ratio was plotted against the
Einstein-Stokes radius. This implied that for this range of radii
the diffusion of dextran is not hindered by intrinsic properties of
the peritoneal membrane. On the other hand Hirszel et al [17]
found that the transport rate of dextran fractions with a radius
above 50 A was constant.
In the present study no dextran fractions with radii less than
30 A were used for calculation, because of interference by
inulin. It is, however, likely (Fig. 4) that the regression line
between l/FC and Einstein-Stokes radius has a tendency to
become somewhat S shaped at the extremes. When l/FC is
divided by D20 the S shape becomes more obvious (Fig. 5).
Thus, it may be that the diffusion of macromolecules across the
peritoneal membrane is rather unrestricted to a radius of 25 A,
progressively restricted from 25—70 A, and above this value is
not size selective restricted. It is tempting to speculate that this
could reflect the presence of a two pore system as proposed by
Mayerson et al [31]. These authors found no restriction in the
lymph/plasma ratio for molecules up to about 25 A, a progres-
sive restriction up to 100 A, and above that radius again no
further size-related restriction. They postulated that the trans-
port of these very large macromolecules would be by a small
number of very large pores or by cytoplasmatic vesicles [391. A
heteroporous model assuming that the major part of the capil-
lary wall functions as an isoporous membrane, but that in
addition a small number of large pores is present that can not
discriminate on size, has recently been described for glomerular
size selectivity [40].
The slope of the linear relationship between the reciprocal of
fractional dextran and protein clearances and Einstein-Stokes
radii provides an index of the permeability characteristics of the
peritoneal membrane to macromolecules, that is, the pore size
or the number of pores. We have tried to relate this 'peritoneal
selectivity index" to other parameters such as peritoneal albu-
min loss, duration of CAPD treatment and underlying kidney
disease. Perhaps due to the small size and heterogeneity of the
patient group we could not find such correlations, although
there was a suggestion that peritoneal albumin loss correlated
inversely with this selectivity index for proteins (0.05 < P <
0.1).
In conclusion the peritoneal transport of serum proteins and
neutral dextran fractions is of a similar magnitude up to 90 A,
suggesting that the electric charge of a molecule is not an
important factor in its transport across the peritoneal mem-
brane. Evidence was obtained that the peritoneal interstitial
tissue represents a third compartment between blood and
dialysate. The peritoneal membrane of a CAPD patient can be
characterized by the slope of the linear regression between the
reciprocal of the fractional clearance and the Einstein-Stokes
radius.
Acknowledgments
This study was partly supported by the Dutch Kidney Foundation
(Nierstichting Nederland: grant C86.597) and by Baxter Nederland
B. V. Portions of the work were presented in 1987 at the Dutch Society
of Nephrology and at the 24th annual congress of the European Dialysis
and Transplant Association-European Renal Association in West Ber-
lin. The results were also presented in 1988 at the 8th National CAPD
meeting in Kansas City, Missouri. Part of the study has been published
in abstract form in Nephrol Dial Transpl 2:453—454, 1987, in Kidney mt
33:1038, 1988 and in Pent Dial Internat 8:S82, 1988.
The authors acknowledge Monique J. Langedijk, Monique B.M.
Kerssens and Aad C.J. Leegwater for their technical assistance and
Anita de Jong and Jacqueline Snabilie for the preparation of the
manuscript.
Reprint requests to Raymond T. Krediet, M.D., Ph.D., Dialysis Unit,
Academic Medical Center, Meibergdreef 9, 1105 AZ, Amsterdam, The
Netherlands.
References
1. BLUMENKRANTZ Mi, GAHL GM, KOPPLE JD, KAMDAR AV, JONES
MR. KESSEL M, COBURN JW: Protein tosses during peritoneal
dialysis. Kidney list 19:593—602, 1981
1072 Krediet el al: Transport of proteins and dextran in CAPD
2. YOUNG GA, BROWNJOHN AM, PARSONS FM: Protein losses in
patients receiving continuous ambulatory peritoneal dialysis.
Nephron 45:196—201, 1987
3. DULANEY JT, HATCH FE: Peritoneal dialysis and loss of proteins:
A review. Kidney mt 26:253—262, 1984
4. NOLPH KD, TWARDOWSKI ZJ, P0I'ovicH RP, RUBIN J: Equilibra-
tion of peritoneal dialysis solutions during long-dwell exchanges. J
Lab Gun Med 93:246—256, 1979
5. NOLPH KD, MACTIER R, KHANNA R, TWARDOWSKI ZJ, MOORE H,
MCGARY T: The kinetics of ultrafiltration during peritoneal dialysis:
the role of lymphatics. Kidney mt 32:219—226, 1987
6. KREDIET RT, ZUYDERHOUDT FMJ, B0ESCHOTEN EW, ARI5z L:
Peritoneal permeability to proteins in diabetic and non-diabetic
continuous ambulatory pentoneal dialysis patients. Nephron 42:
133—140, 1986
7. STEINHAUER HB, SCHOLLMEYER F: Prostaglandin-mediated loss of
proteins during peritonitis in continuous ambulatory peritoneal
dialysis. Kidney mt 29:584—590, 1986
8. KREDIET RT, ZUYDERHOUDT FMJ, BOESCHOTEN EW, ARISZ L:
Alterations in the peritoneal transport of water and solutes during
peritonitis in continuous ambulatory peritoneal dialysis patients.
Eur J Clin Invest 17:43—52, 1987
9. KREDIET RT, BOESCHOTEN EW, STRUIJK DG, ARISZ L: Differ-
ences in the peritoneal transport of water, solutes and proteins
between dialysis with two- and with three-litre exchanges. Nephrol
Dial Transplant 3:198—204, 1988
10. CHANG RLS, DEEN WM, ROBERTSON CR, BRENNER BM: Permse-
lectivity of the glomerular capillary wall: III. Restricted transport of
polyanions. Kidney mt 8:212—218, 1975
11. BRENNER BM, HOSTETTER TH, HUMES HD: Molecular basis of
proteinuna of glomerular origin. N Engi J Med 298:826—833, 1978
12. CHANG RLS, DEEN WM, ROBERTSON CR, BENNET CM, GLASSOCK
RJ, BRENNER BM: Permselectivity of the glomerular capillary wall.
Studies of experimental glomerulonephritis in the rat using neutral
dextran. J Clin Invest 57:1272—1286, 1976
13. BENNETT CM, GLASSOCK Ri, CHANG RLS, DEEN WM, ROBERT-
SON CR, BRENNER BM: Permselectivity of the glomerular capillary
wall. Studies of experimental glomerulonephritis in the rat using
dextran sulfate. J Clin Invest 57:1287—1294, 1976
14. CARRIE BJ, MYERS BD: Proteinuria and functional characteristics
of the glomerular barrier in diabetic nephropathy. Kidney Int 17:
669—676, 1980
15. CARRIE BJ, SALYER WR, MYERS BD: Minimal change nephrop-
athy: an electrochemical disorder of the glomerular membrane. Am
J Med 70:262—268, 1981
16. HIRSZEL P, CHAKRABARTI EK, BENNETT RR, MAHER JF: Perm-
selectivity of the pentoneum to neutral dextrans. Trans Am Soc
Artf Intern Organs 30:625—628, 1984
17. HIRSZEL P. MAHER JF, CHAKRABARTI E, BENNET RR: Maximal
peritoneal pore size determined by dextran transport, in Frontiers
in Peritoneal Dialysis, edited by MAHER JF, WINCHESTER JF, New
York, Field, Rich and Associates, 1986, p. 37
18. LEYPOLDT JK, PARKER HR, FRIGON RP, HENDERSON LW: Molec-
ular size dependence of peritoneal transport. J Lab Clin Med 110:
207—216, 1987
19. GOTLOIB L, BARSELLA P, JAICHENKO J, SHUSTACK A: Ruthenium-
red-stained polyanionic fixed charges in peritoneal microvessels.
Nephron 47:22—28, 1987
20. RENCK H, LJUNGSTROM HG, HEDIN H, RICHTER W: Prevention of
dextran induced anaphylactic reactions by hapteen inhibition. Acta
Chir Scan 149:355—360, 1983
21. LEYPOLDT JK, FRIGON RP, DE YORE KW, HENDERSON LW: A
rapid renal clearance methodology for dextran. Kidney Int 31:855—
860, 1987
22. GRANATH KA, KvIsT BE: Molecular weight distribution analysis
by gel chromatography on sephadex. J Chromatogr 28:69—81, 1967
23. FJELBO W, STAMY TA: Adapted method for determination of inulin
in serum and urine with an autoanalyzer. J Lab Gun Med 72:353—
358, 1968
24. BROWN P, NOLPH KD: Chemical measurement of inulin concen-
trations in peritoneal dialysis solution. Clin Chim Acta 76:103—112,
1977
25. BERGGARD B, BJ0RH L, CIGEN R, LOGDBERG L: beta-2-Micro-
globulin. Scand J Clin Lab Invest 40(suppl 154): 13—25, 1980
26. SCHULTZE HE, HEREMANS iF: Molecular Biology of Human
Proteins. Amsterdam, Elsevier, 1966, p. 176
27. BRENNER BM, BOHRER MP, BAYLIS C, DEEN WM: Determinants
of glomerular permselectivity: insights derived from observations
in vivo. Kidney mt 12:229—237, 1977
28. RENKIN EM: Permeability and molecular size in peripheral and
glomerular capillaries, in Capillary Permeability, edited by CRONE
C, LASSEN NA, Copenhagen, Munksgaard, 1970, p. 544
29. BRIDGES CR, MYERS BD, BRENNER BM, DEEN WM: Glomerular
charge alterations in human minimal change nephropathy. Kidney
InI 22:677—684, 1982
30. MYERS BD, WINETZ JA, CHUI F, MICHAELS AS: Mechanisms of
proteinuna in diabetic nephropathy: A study of glomerular barrier
function. Kidney Int 21:633—641, 1982
31. MAYERSON HS, WOLFRAM CG, SHIRLEY HH, WASSERMAN K:
Regional differences in capillary permeability. Am J Physiol 198(1):
155—160, 1960
32. IwANov W, LEDERER K: Molecular characterization of sinestrin.
Carbohydrate Res 72:1—12, 1979
33. MACTIER RA, KHANNA R, TWARDOWSKI Z, MOORE H, NOLPH
KD: Contribution of lymphatic absorption to loss of ultrafiltration
and solute clearances in continuous ambulatory peritoneal dialysis.J Clin Invest 80:1311—1316, 1987
34. KREDIET RT, STRUIJK DG, BOESCHOTEN EW, HOEK FJ, ARISZ L:
Measurement of intrapentoneal fluid kinetics in CAPD patients by
means of autologous haemoglobin. Neth J Med 33:201—290, 1988
35. HENDERSON LW: Biophysics of ultrafiltration and hemofiltration,
in Replacement of Renal Function by Dialysis, edited by DRUKKER
W, PARSONS FM, MAHER iF (2nd ed), Boston, Martinus Nijhof,
1983, p. 242
36. HENDERSON L: Ultrafiltration with peritoneal dialysis, in Perito-
neal Dialysis, edited by NOLPH KD (2nd ed), Boston, Martinus
Nijhoff, 1985, p. 159
37. TWARDOWSKI ZJ, NOLPH KD, PROWANT BF, Mooit HL: Effi-
ciency of high volume, low frequency continuous ambulatory
peritoneal dialysis (CAPD). Trans Am Soc Artif Intern Organs 29:
53—57, 1983
38. Fox JR, WAYLAND H: Interstitial diffusion of macromolecules in
the rat mesentery. Microvasc Res 18:255—276, 1979
39. RENKIN EM: Transport of large molecules across capillary walls.
Physiologist 7:13—28, 1964
40. DEEN WM, BRIDGES CR, BRENNER BM, MYERS BD: Heteroporous
model of glomerular size selectivity: Application to normal and
nephrotic humans. Am J Physiol 249:F374—F389, 1985
